Introduction
The attitude control laws for fault-tolerant and under-actuated systems are very essential in space applications. This study addresses the problem of reconfiguring spacecraft maneuvering control laws for handling actuator failures. Much literature has reported the problems of handling attitude stabilization with limited actuator capabilities. For example, a control system based on the property of a linear tracking system is designed for the saturation of the actuator.
1) Krishnan et al. considered an axially symmetric spacecraft.
2) Brockett has shown that two controls can be made asymptotically stable about the origin.
3) Tsiotras et al. considered an axis-symmetric spacecraft by introducing a new attitude parameterization. 4) Additionally, tracking control laws are suggested. For this study, an asymmetric rigid spacecraft and two available control inputs are assumed. The primary objective is to avoid the axis where actuator failure has occurred for three-dimensional maneuvers. The spacecraft maneuver strategy proposed here uses sequential maneuvers instead of the general simultaneous maneuver approach. By transforming given attitude information to a special set of Euler angles, the actuator failed-axis is completely avoided. As a result, the threedimensional maneuver is successfully performed with two control inputs.
Problem Statement
The rotational dynamics equation of motion for an asymmetric rigid spacecraft controlled by two control inputs is given by 5 )
where I 1 , I 2 , and I 3 are the principal moments of inertia, ! 1 , ! 2 , and ! 3 are the angular velocities along the body axes, and u 1 and u 3 are the available control inputs. There are various ways to describe the attitude, such as the Euler angles, quaternions, direction cosine matrix, Rodrigues parameters, etc. The quaternions are commonly used because they provide a redundant and nonsingular attitude description that is well suited to describe arbitrary and large rotations.
6) The quaternion kinematic differential equation in terms of the angular velocity vector of the rigid spacecraft is given by
The use of three successive sequential maneuvers is the key strategy for reorienting the under-actuated asymmetric rigid spacecraft. As shown in Eq. (1), the 2nd axis torque is unavailable. Thus, the (1-3-1) or (3-1-3) set of Euler angles can be applicable to redefine current and target attitude information for avoiding the 2nd axis rotation. In this study, the (3-1-3) set of Euler angles is considered. As shown in Fig. 1 , any given attitude information can be expressed with the (3-1-3) set of Euler angles such as +, i, and w.
The (3-1-3) set of Euler angles is given by
As the quaternion variables are used for attitude description, the following nonlinear quaternion feedback control law is considered to eliminate the cross-coupling term ! Â I! 7) Fig. 1. (3-1-3 ) Euler angle illustration. 
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where q 1 , q 2 , and q 3 denote the vector element of the current quaternions, and q 1c , q 2c , q 3c , and q 4c denote the command quaternions. To successively accomplish the three-axis attitude maneuvers proposed in this study, the error quaternion vector is first selected by the command angle of +. If the first maneuver strategy about + is accomplished by the control law in Eq. (4), then the attitude error is shifted to the next Euler angle for the three-axis attitude control in sequence. Consequently, the three-axis attitude control is possible for the under-actuated systems.
Numerical Example
As mentioned in the problem statement, it is assumed that the 2nd axis control input is unavailable and a rest-to-rest maneuver case is considered. The initial quaternions and transformed (3-1-3) set of Euler angles are listed in Table 1 . Note that the target angles can be selected as zero without loss of generality.
The following sub-maneuvers are conducted when the attitude error is less than 10 ¹7 rad. Figure 2(a) shows that the angular velocities converge to zero. As expected, the attitude error is shifted to the next Euler angle after the previous maneuver is conducted satisfactorily. Figure 2(b) shows that the initial quaternions meet the command quaternions quite reasonably. Of course, the time rate of the convergence of the attitude error can be decreased or increased by the selected control gains in Eq. (4). The corresponding time trajectory of the defined Euler angles is shown in Fig. 3(a) . As shown in Figs. 2(b) and 3(a) , attitude reorientation is successfully performed with two control inputs. Figure 3(b) shows the time trajectory of the control inputs. Note that the 2nd axis control input keeps zero for the three-axis attitude control.
Conclusion
The classic spacecraft maneuver problem is generalized to handle an actuator failure problem for an asymmetric rigid spacecraft. A practical strategy is suggested to avoid the axis where the actuator failure has occurred. The approach is to utilize three successive sequential maneuvers with a newly defined special set of Euler angles, which are transformed from the given attitude information. The results show that the three-dimensional maneuver for the asymmetric rigid spacecraft is successfully performed with only two control inputs. The proposed method is expected to be broadly useful when only two axis control inputs are available on-orbit. 
